Quantitative magnetic resonance imaging (MRI) studies in patients with schizophrenia have shown reliable deficits in global tissue volume as well as some regionally specific changes, particularly in the temporal and frontal lobes. Recent technical advances have enabled automated voxel-wise analyses, which have the advantage of facilitating whole brain coverage without the restrictions of anatomically defined regions of interest and imperfect rater reliability. We used such a method to estimate voxel composition from segmentation of bivariate, dual-echo spin-echo data in 72 men with schizophrenia. Of these, 41 had a prominent history of auditoryverbal hallucinations and 31 had no such history. The patients were compared with 32 age, gender, handedness and IQ matched healthy controls. The study revealed localized areas of reduced grey-matter tissue proportion aggregating around the medial temporal lobes, the insulae, orbito-frontal cortex including anterior cingulate, and the precuneus (and lingual) gyri, in the schizophrenia patients as a whole. There were also reductions in white-matter tissue proportion extending along much of the large anterior-posterior frontal tracts in the right hemisphere. Small regions of increased grey matter were also noted in the right inferior parietal lobe. A contrast between the hallucinator and non-hallucinator patient groups showed a single region of reduced grey-matter tissue proportion affecting the left insula and adjacent temporal lobe. These data confirm the utility of voxel-based morphometric methods in schizophrenia research and point towards disruption to a 'paralimbic' neural network, as underlying schizophrenic psychopathology in general, with abnormalities of the left insula specifically related to hallucinations.
Introduction
Non-invasive brain imaging has been used in schizophrenia research for over two decades, first with computerized X-ray tomography and more recently, magnetic resonance imaging (MRI). The superior soft tissue contrast of MRI has allowed such research to progress beyond the measurement of diffuse atrophy to the demonstration of regionally and tissue-specific abnormalities (McCarley et al., 1999) . Meta-analytic reviews have confirmed greater grey than white-matter tissue loss, as well as pronounced reduction in medial temporal lobe volumes bilaterally in schizophrenic patients (Woodruff et al., 1995a; Lawrie and Abukmeil, 1998; Nelson et al., 1998; Wright et al., 2000) .
Traditional quantitative morphometric methods have the following properties. They require a prior hypothesis or 'region of interest' (ROI), usually based on lobar topography or traditional structural neuroanatomy (e.g. the hippocampus, Sylvian fissure, planum temporale, etc.). Therefore, ROI morphometry is rarely comprehensive (Goldstein et al., 1999) . Such methods are labor intensive, paradoxically more so as the technology improves, since there are more and more thinner slices to trace around. As a result, intra-and inter-operator reliabilities are <1. On the positive side, the selection of ROI's may be theoretically motivated and makes use of expert information. Finally, regions may be defined in native space, obviating the problems of standardization.
A nother approach is computational morphometrics. This requires no prior hypothesis and so is not bound by topographical regions with clearly identifiable boundaries but perhaps little functional specificity or validity. These methods are comprehensive, covering the entire brain including diffuse white-matter tracts. From a practical point of view, such methods can be automated and are robust and reliable. Current techniques depend on normalization and mapping into a standard space, which may introduce error and noise. Many solutions have been proposed for this, though none is universally accepted (see below).
The first application of computational morphometrics in schizophrenia research was by Andreasen et al. (Andreasen et al., 1994a) , who used a bounding box technique and linear transformation for coregistration. This revealed differences in the sub-cortical grey matter, including the right thalamus and surrounding tissues between patients and normal controls. ROI measures on an overlapping group of participants highlighted bilateral frontal lobe volume decrements (A ndreasen et al., 1994b) . Others (Wolkin et al., 1998) used the same technique and found instead pixel-wise signal intensity differences between the schizophrenics and controls in both cortical and periventricular areas, affecting grey and white matter.
Voxel-based morphometry (VBM) is being used increasingly in schizophrenia research. It involves statistical inference of values representing the composition of a voxel, in terms of cerebrospinal f luid and grey and white matters, in a standard space such as that of Talairach and Tournoux (Talairach and Tournoux, 1988) . Estimates of tissue composition have been most widely taken from univariate, T 1 -weighted spoilt GR ASS, or similar high resolution MR scans as in studies using statistical parametric mapping (Ashburner and Friston, 2000) . The first application of this technique (Wright et al., 1995) was in a within-group study of 15 patients which showed negative correlations between left temporal grey-matter density and symptoms of reality distortion (Liddle et al., 1992) -auditory hallucinations and delusions. Another study (Chua et al., 1997) , using a similar design and methods on a more chronic sample (n = 12), found a different pattern of brain-symptom correlations. Wright and colleagues (Wright et al., 1999) looking at grey matter only, later showed significant reductions in the temporal pole and insula, bilaterally, extending to the left dorsolateral prefrontal cortex. More recently, imaging studies of unselected schizophrenic in-patients (Wilke et al., 2001) and early onset cases (Paillère-Martinot et al., 2001) found grey-matter reductions in the medial frontal gyri, left insula and other left-sided temporal lobe structures. The latter group also reported white-matter reductions in both frontal lobes. Finally, Hulshoff-Pol et al. (Hulshoff-Pol et al., 2001) studied patients with schizophrenia and schizophreniform disorder from across the lifespan and showed extensive greymatter density reductions, particularly in the left temporal lobe but also insula, precuneus and posterior cingulate bilaterally.
Two studies compared automated whole brain with semiautomated volumetric measures (Wright et al., 1999; Sowell et al., 2000) . The latter study group was nine cases of early onset schizophrenia. Statistical parametric maps pointed to ventricular abnormalities that were used to guide individual ROI analyses in native space, which offered partial confirmation.
Gaser et al. (Gaser et al., 1999 ) studied a group of schizophrenia patients and healthy volunteers, but instead of composition, group averaged deformations were calculated from displacement vectors of non-linear transformations (Ashburner and Friston, 2000) required to produce anatomical correspondence between subjects and a template brain image. They have also reported preliminary evidence of temporal lobe abnormalities specific to auditory hallucinators (Sauer et al., 2000) . Other averaging techniques have been used to detect regional shape (rather than positional) differences between patients with schizophrenia and controls (DeQuardo et al., 1999) .
Alternative estimates of voxel composition can be made from segmentation of bivariate, dual-echo spin-echo data (Bullmore et al., 1995; Suck ling et al., 1999b) , which trade potential improvements in tissue specificity against thicker slices from two-dimensional MR sequences. A fter standard space mapping with affine transforms, statistical inference at the voxel level and contiguous multi-voxel or cluster level are made using non-parametric statistics and randomization testing . Sigmundsson et al. (Sigmundsson et al., 2001) studied 27 negative symptom patients and normal controls and demonstrated significant grey-and white-matter deficits in the left superior and medial temporal cortices and insula, as well as medial frontal structures. Associated white-matter deficits were also demonstrated.
The methods used in the study of Sigmundsson et al. have also been applied to the study of a number of other disorders, including attention deficit hyperactivity disorder or A DHD (Overmeyer et al., 2001) , tuberous sclerosis (Ridler et al., 2001) , amytrophic lateral sclerosis (Ellis et al., 2001 ) and velocardiofacial syndrome (van Amelsvoort et al., 2001) . Other voxel-based methods have been used to investigate brain structure in both normal (Good et al., 2001a,b) and diseased subjects (Mummery et al., 2000; Gitelman et al., 2001; Keller et al., 2002) . The clinical studies confirmed the expected distribution of atrophy detected with conventional imaging methods, thereby providing concurrent validity.
The current study uses some of the same basic tools as described by Sigmundsson et al. (Sigmundsson et al., 2001 ), but has a number of additional design strengths. First, the sample is larger and includes a within-group comparison: patients with an established history of prominent auditory-verbal hallucinations versus non-hallucinators. Secondly, cortical regions thought to be relevant to such symptoms (Barta et al., 1990; Shenton et al., 1992; Flaum et al., 1995; Levitan et al., 1999; Rajarethinam et al., 2000; Stephane et al., 2001) , including the planum temporale and Sylvian fissure (Shapleske et al., 1999) of both the right and left hemispheres, as well as the corpus callosum (Günther et al., 1991) , have already been quantified manually in the same subjects using clearly defined protocols, but found not to differ significantly between the groups Shapleske et al., 2001) .
The specific aims of the current study were to determine whether:
1. the regional abnormalities uncovered by Sigmundsson et al. (Sigmundsson et al., 2001) can be generalized to other types of schizophrenia patients; 2. there are structural brain differences related to the propensity to experience auditory hallucinations and, if so, whether they are in areas outside candidate regions and whose topography fails to conform to conventional anatomical boundaries.
A subsidiar y aim was to use data on grey-and white-matter differences between groups (deficits and excesses) to begin to infer mechanisms underlying the pathophysiology of some of the features of schizophrenia and to guide future research.
Materials and Methods

Subjects
Male right-and left-handed schizophrenics, who met DSM-I V diagnostic criteria according to their attending physician, were screened for study eligibility by an experienced research psychiatrist (J.S.) on the basis of clinical interview and exhaustive chart review. Patients with a score of >3 for auditory hallucinations on the Scale for Assessment of Positive Symptoms or SAPS (Andreassen and Olsen, 1982) for at least 2 weeks at some point during their illness were classed as 'hallucinators' (n = 41) and those who scored <2 for auditor y hallucinations on SA PS for all but 1 week, in the entirety of their illness, were classed as 'non-hallucinators' (n = 31). Patients were recruited from a variety of settings, both in-patient and community based, from South London, UK. Control subjects (left and right handers) were recruited by advertisement in a local job centre and from hospital ancillary staff (n = 32). All subjects gave written informed consent. The local research ethics committee approved the research. Handedness was assessed using the Edinburgh Handedness Inventory. Right handers were defined scoring >0.75 and left handers were defined as scoring <0.4 (all except one non-right-handed subject scored <-0.1). This was validated objectively with a timed finger-tapping test from a computerized testing battery (NeuroScan Inc., VA). The distribution of handedness in each group is shown in Table 1 .
Exclusion criteria included: history of neurological disorders, major medical illnesses, drug or alcohol dependency and, in the control population, any histor y of psychiatric disorder. A ll three groups had similar ages, handedness, IQ and years of education (Table 1) , as well as ethnicity and drug and alcohol history. The hallucinators had higher SAPS scores than the other patients, but this was accounted for entirely by the hallucinations items. The only other difference between the two patient groups was that the hallucinators had higher negative symptoms scores or SANS (Andreassen and Olsen, 1982) , but both groups had low scores.
Magnetic Resonance Imaging Acquisition
MR imaging was performed on a 1.5 T General Electric (Milwaukee, WI) Signa Advantage MR system. A dual-echo, fast-spin echo-pulse sequence was acquired (repetition time length T R = 4000 ms; effective echo times T E1 = 20 ms and T E2 = 100 ms) with an echo train length of 8. This was a near-coronal pulse sequence angled parallel to the clivus, of 60 contiguous 3 mm thick slices with an in-plane field of view of 22 cm across a 256 × 256 pixel matrix. This sequence was previously optimized for voxel morphometrics using a simulation tool specifically designed for the purpose (Simmons et al., 1996) .
Image Analysis
Initially, extracerebral tissues were removed with an automated computational algorithm which uses linear scale-space features derived from the proton density weighted images (Suckling et al., 1999a) . Probabilistic classification of the composition of each intracerebral voxel began with an operator (J.S.) selecting a small training set of voxels representing each of the three main tissue classes from each MRI dataset. These training data were used to estimate the parameters of a polychotomous logistic discriminant function by maximum likelihood; and the trained or parameterized discriminant function was used to estimate the probability for each voxel belonging to each tissue class (Bullmore et al., 1995) . As a result, a set of three maps was obtained from each MRI dataset, repre-senting the voxel-wise probabilities of belonging to grey matter, white matter and cerebrospinal f luid (CSF) tissue classes. Some segmentation algorithms for VBM (Hulshoff-Pol et al., 2001; Watkins et al., 2002) have used binary segmentation. The segmentation algorithm implemented in statistical parametric mapping is a probabilistic segmentation based on a modified mixture-model clustering algorithm Friston, 1997, 2000) .
Based on prior results, we equate these probabilities to the proportional volumes of each tissue class in the often heterogeneous volume of tissue represented by each voxel. So, for example, if the probability of grey-matter class membership was 0.8 for a given voxel, it was assumed that 80% of the tissue represented by that voxel was grey matter. Given the voxel dimensions in millimetres, it was then straightforward to estimate the volume in millilitres of grey matter, or any other tissue class, at each voxel. Summing over voxels, the tissue class volumes can be estimated over the whole brain. The next step involved transformation of the three probability maps obtained from each individual dataset into a standard stereotactic space. To do this, a template image was first constructed by proportional rescaling of a subset of five PD-weighted images from the control group. Using AFNI software (Cox, 1994) anatomical landmarks were identified, including the anterior and posterior commissures and lateral, superior and inferior convexities of the cerebral surface. The distances between landmarks were linearly rescaled to approximate each individual image to the reference brain depicted in a standard stereotactic atlas (Talairach and Tournoux, 1988) . The five transformed images were then averaged to produce a single template image in standard space. The affine transformation, which minimized the sum of grey-level differences between each individual's PD weighted image and the template image, was identified by the Fletcher-Davidson-Powell algorithm (Press et al., 1992; Brammer et al., 1997) . This individually estimated transformation matrix was applied in turn to each of that subject's three tissue probability maps to register them in standard space. This differs from the 'optimized VBM' method recently developed (Good et al., 2001a,b) . In this method, an image is segmented in native space and these segmented maps are then separately registered to segmented template images in standard space. A novel feature is that it incorporates a step to adjust images for the effect of the transformations necessary to map images into standard space. The linear registration used in the present study applies a constant scaling factor across the image and does not produce local volumetric changes.
After registration the images were written out with the same resolution as the original scans (0.859 mm in-plane, 3 mm slice thickness). Although it is possible to create images with isotropic resolution (e.g. 1 mm), this would involve subvoxel interpolation. We believe that this is not appropriate given the type of voxel-based analysis employed here. Smoothing was then performed with a two-dimensional Gaussian filter of ∼4.2 mm FWHM. Two-rather than three-dimensional filtering was chosen to take account of the anisotropic voxel dimensions of the fast spin echo sequence. Using the more conservative two-dimensional smoothing avoids assumptions about the relationship of in-plane data to those acquired out of plane.
An analysis of covariance (ANCOVA) model was then fitted at each voxel in standard space where there were N proportional volume (probability) estimates for each tissue class. The model is written below with grey-matter proportional volume as the dependent variable:
Here, Gkj denotes the proportional volume of grey matter estimated at a given voxel for the jth individual in the kth group; m is the overall mean; m + ak is the mean of the kth group; and ekj is random variation. The independent variables Agekj and Handkj denote the age and handedness of the jth individual in the kth group.
This model was fitted at each intra-cerebral voxel of the observed data, with each class of proportional volume taken in turn as the dependent variable, to yield a set of three 'effect maps' of coefficient a divided by its standard error, i.e. a* = a/SE(a). This model was also fitted 10 times at each voxel for each tissue class after random permutation of the elements of the factor coding group membership. This generated 10 randomized or permuted effect maps for each tissue class. Both observed and permuted effect maps were then thresholded such that if the absolute value of a* was <1.96 (two standard deviations from the mean of normal distribution), the value of that voxel was set to zero and if the absolute value of a* was >1.96, the value of that voxel was set to a*-1.96. This procedure generates several clusters of suprathreshold voxels that are spatially contiguous in three spatial dimensions. The sum of suprathreshold voxel statistics, or 'mass', of each three-dimensional cluster was measured in each of the 10 permuted effect maps generated for each tissue class; these measurements were then ordered to sample the permutation distribution of cluster mass under the null hypothesis of zero difference between groups. The mass of each cluster in the observed effect maps was then tested against critical values obtained from the corresponding permutation distribution. This non-parametric or distribution free hypothesis testing procedure was adopted because there is considerable evidence from functional imaging that cluster level statistics, incorporating information about the spatial neighbourhood of each voxel, may be more sensitive than voxel test statistics (Poline and Mazoyer, 1993; Rabe-Hesketh et al., 1997) , but theoretical distributions for cluster statistics may be intractable or of limited generalizability (Friston et al., 1994; Poline, 1997) . Cluster-level inference also mitigates the multiple comparisons problem associated with voxel-level analysis, simply by reducing the total number of tests by one or two orders of magnitude. For greater procedural detail and a comparative validation of nominal type I error control by this method, see elsewhere .
Given that images were mapped into standard space, a common coordinate system (with 0, 0, 0 set at the anterior commissure) could be used. A computer program was written in which all coordinates in standard space were assigned an anatomical label. The coordinates of the centroid of each three-dimensional cluster were automatically deter- mined and assigned an anatomical label. The label was then manually checked with the Talairach atlas.
Results
Total tissue volumes
When total brain tissue volumes were compared, there was a significant difference between the groups in white matter only (Table 2) . Post hoc comparisons revealed that this was due to reductions in both schizophrenia groups in comparison with controls. The two patients groups did not differ. Grey-matter and CSF volumes did not differ significantly between any of the groups.
Controls versus Combined Schizophrenia Group
Automated voxel-based analysis showed significant regional differences when comparing schizophrenics with controls. Statistical thresholds were set such that the expected number of false positive clusters (P-value times the number of tests) was <1. Hence, any cluster reported exceeded this threshold. For the grey-matter comparisons, the significance level was P ≤ 0.005, while for white matter it was P ≤ 0.01 (see Table 3 and Fig. 1 , row A, upper). There were nine clusters of grey-matter deficits in the schizophrenic group as a whole. These clusters themselves can be grouped together into four main anatomical regions around which they coalesce: (i) bilateral insula; (ii) orbito-frontal, including anterior cingulate; (iii) bilateral medial temporal; and (iv) precuneus (and lingual) gyri.
There was an isolated region of increased grey-matter tissue proportion in the schizophrenia group in the right inferior parietal lobe. Regarding white matter, there were no excesses and only one deficit, which extended over a considerable length of the right frontal lobe (from y = 26 to y = 0; Fig. 1, row A,  lower) .
Controls versus Hallucinators
There were several regions where there was reduced grey-matter tissue proportion in the patient sub-group compared with normal controls (Table 4 and Fig. 1, row B, upper) . These were located in the same regions as in the total patient group comparison, with the exception of the medial temporal lobe abnormalities, which were right-sided only. This anatomical consistency applies to the single region of grey-matter proportion excess and the white-matter deficit (Fig. 1, row B, lower) . However, the two sets of comparisons do diverge, with the hallucinators showing an apparent white-matter excess in left temporal-parietal connecting tracts, extending to the claustrum.
Controls versus Non-hallucinators
Again, there were several regions of reduced grey-matter tissue proportion in the patient sub-group compared with normal controls (Fig. 1, row C, upper) . On inspection, the deficits were less extensive and more right-sided than in the hallucinators versus controls comparison. This applied to both medial temporal and insula abnormalities. Furthermore, the grey-matter deficits did not extend to the inferior frontal region, or to the posterior cingulate cortex. There was no region of excess. There was a single white-matter deficit cluster, in the right frontal lobe, but this was less extensive and inferior to that seen in the hallucinators (Fig. 1, row C, lower) . The region of white-matter excess was, however, very differently located, being the right temporal lobe in the peri-hippocampal region.
Hallucinators versus Non-hallucinators
There was only one significant cluster identified in this comparison. This was a deficit confined to the left hemisphere grey matter and included the insula and adjacent temporal lobe (Fig, 1, row D) . A correlation was calculated between the size of the left insula cluster and the hallucinations total score on the SAPS. The Pearson r was 0.40 (P = 0.002).
Discussion
Methodological Issues
In evaluating these results it is important to bear in mind the relative novelty of the morphometric techniques we have used and the possible bearing these methods might have on the results and their interpretation. Essentially, we have used an affine transformation to match individual images to a common template image, then tested between-group differences in the proportion or probability of grey and white matter at the level of suprathreshold voxel clusters. This approach is broadly similar to the 'voxel-based morphometry (VBM)' methods implemented in statistical parametric mapping , but differs in a number of details. For example, we have used logistic discriminant analysis to make probabilistic tissue classifications at each voxel based on dual echo MRI data and prior knowledge of global tissue class proportions; whereas current implementations of VBM typically make a binary classification of grey or white matter on the basis of finite mixture modelling of a single T1-weighted MR image. As shown by Bullmore et al. (Bullmore et al., 1995) , partial volume effects are common in digital images of brain structure and a probabilistic approach to classification provides a natural way of dealing with them. A nother point of difference is in terms of the registration algorithm we have used to achieve spatial co-registration. An affine transformation linearly matches grey-scale images broadly in terms of global size and shape; it does not effect more local or non-linear transformations and it is not informed by any expert knowledge concerning locations of anatomical landmarks on the cortical surface. This is in contrast to more locally adaptive, more highly parameterized warping algorithms used elsewhere (Thompson et al., 2001; Ashburner and Friston, 2001 ). As pointed out by Bookstein (Bookstein, 2001) , one important consequence of using an affine transformation for spatial registration in this context is that differences in grey-scale values between groups at a given voxel may represent a mismatch of cortical locations due to locally imperfect registration. For example, if there is pathological deformation or displacement of a discrete anatomical structure in patients, then affine transformation will not generally correct this local deformity and it will be manifest following registration as a discrepancy in voxel values at the edges or boundaries of the structure due to its local misalignment with the corresponding structure in the template image. Bookstein (Bookstein, 2001 ) is concerned that these residual misregistration signals cannot be disambiguated from volumetric differences between groups in proportion of grey matter, say, at a perfectly registered voxel representing precisely the same anatomical structure in all subjects. A lthough this argument is mathematically sound, we suggest, misregistration signals can often be empirically recognized as such by the existence of complementary changes in adjacent voxels representing different tissue classes. For example, a focus of cortical grey-matter deficit immediately adjoining a focus of subcortical white-matter excess seems likely to be due to local misregistration of the cortical boundary with subjacent white matter. In any case, systematic differences between groups in proportion or probability of grey or white matter are relevant to a comprehensive localization of pathological brain changes, whether they represent misregistration of a deformed structure or volumetric differences in a perfectly registered structure. We accept that affine transformation does not always allow us to be confident in making this distinction, but we maintain that computational morphometric methods such as ours remain invaluable for screening the whole brain for evidence of distributed abnormalities (deformities or volumetric differences), perhaps involving regions, such as the insula or anterior cingulate cortex, which have not traditionally been regarded as 'regions of interest' in schizophrenia imaging research (Wright et al., 2000) , but which have been repeatedly implicated in schizophrenia following the advent of computationally intensive methods. A potentially more troublesome implication of the misregistration issue is in relation to type 1 error control by theoretical hypothesis testing. If we imagine applying a range of warping algorithms to two groups of structural images, we can envisage that the voxel statistics for a group difference will generally be larger for the lower-dimensional, globally adaptive algorithms, because of locally imperfect registration and smaller for the higher-dimensional, locally adaptive algorithms. If these statistic maps are tested for significance against the fixed critical values of a theoretical distribution for standardized mean difference under the null hypothesis, then we might imagine differences in the number of 'significant' voxels related simply to the precision with which the anatomical data have been co-registered. One distinctive aspect of our approach is that we have ascertained the null distributions for statistical testing by repeated resampling of the data ; others (Thompson et al., 2001 ) have also adopted resampling strategies for control of family-wise type 1 error in structural MRI data analysis. A key advantage of data resampling is that it allows us to test geometric properties of suprathreshold voxel clusters, which do not generally have theoretically tractable distributions under the null hypothesis , thereby increasing the sensitivity of the analysis to effects distributed over a local neighbourhood of voxels and also substantially reducing the search volume or total number of tests conducted. Moreover, as noted previously (Bookstein, 2001) , the use of resampling means that critical values for hypothesis testing will be adaptive to the precision of anatomical registration rather than theoretically fixed and, therefore, between-group differences will be tested correctly for significance, albeit at the cost of efficiency in the context of very imperfect registration.
Clinical Implications
Grey Matter
Considering first the schizophrenia versus controls comparison, the results confirm recent meta-analyses and ROI work showing significant temporal lobe grey-matter abnormalities (Nelson et al., 1998; Sullivan et al., 1998; McCarley et al., 1999; Gur et al., 2000a; Wright et al., 2000; Hulshoff-Pol et al., 2001) in schizophrenia and less prominent, but also highly significant, medial frontal deficits (Sullivan et al., 1998; McCarley et al., 1999; Gur et al., 2000b) . The results also suggest further extensive deficits in the insula, a region not widely studied. The majority of studies using voxel-based morphometry, whether single or dual-echo, show insula deficits either left-sided (Paillère-Martinot et al., 2001) or bilaterally (Wright et al., 1995 (Wright et al., , 1999 Chua et al., 1997; Sigmundsson et al., 2001) . Hence, the current study has succeeded in its aim of establishing the broad generalizability of the work of Sigmundsson et al. (Sigmundsson et al., 2001) using similar analytic techniques. Studies using ROI methods to measure insula volumes (Goldstein et al., 1999; Crespo-Facorro, et al. 2000) have also found significant reductions and these correlate with positive symptoms (see below).
Increases in grey-matter volume have been reported almost exclusively in the context of the basal ganglia, namely the caudate and putamen (Chakos et al., 1994; Keshavan et al., 1994; Hulshoff-Pol et al., 2001) and have been attributed to dopamine antagonist-induced hypertrophy. Volume reductions have also been noted in subcortical grey structures (Andreasen et al., 1994a) . Increases in grey-matter tissue proportion were detected in the study of Sigmundsson et al. (Sigmundsson et al., 2001) , but not in the current study using the same methods -perhaps because lifetime exposure to neuroleptics was not notably high, nearly 20% were being treated with atypical agents and the patients were neither treatment resistant nor chronic. However, voxel-based morphometr y uncovered a significant increase in grey-matter proportional tissue volume in patients compared to controls in the right inferior parietal lobe. Though highly significant, this finding must be interpreted with caution since it was not predicted and is rather novel. Determination of whether such an increase represents some kind of compensatory growth or aberrant neuronal migration would require microscopic validation. Functionally, this region plays a role in visual spatial attention and possibly somatic awareness (Harris et al., 2000; Landis, 2000) . This, along with the deficits found in the precuneus and lingual gyrus, regions thought to be involved in imagery and mnemonic processes, may be relevant to schizophrenic psychopathology such as perceptual abnormalities. Indeed, others (Gaser et al., 1999) have found abnormalities in this part of the cortex using a deformation-based automated analysis technique.
White Matter
Cerebral white matter has been the object of quantitative study in MRI much less frequently than grey matter. The average white-matter volume deficit in schizophrenia from one metaanalysis was estimated as 2% [95% confidence intervals (CI) 0-5] compared to global grey-matter deficits of ∼4% (95% CI 1-6) (Wright et al., 2000) , although Lawrie and Abukmeil found a possible average white-matter excess in their review (Lawrie and Abukmeil, 1998) . The current study showed a greater generalized white-than grey-matter proportional volume decrease overall, in comparison with controls. Specific white-matter abnormalities in schizophrenia have been reported (Sullivan et al., 1998) , especially pre-frontally (Buchanan et al., 1998) , but appear less extensive than grey (Cannon et al., 1998; Sanfilipo et al., 2000) -as in the current study. Deficits were detected in the region of the large antero-posterior tract known as the superior longitudinal fasciculus and may contribute to disordered functional temporal-frontal connectivity postulated to underlie certain features of schizophrenia . It would be of value to determine whether the white-matter changes were primar y, or secondary to grey-matter changes. This will depend on further histopathological work (Akbarian et al., 1996) .
One reason why white-matter volumes have been studied less frequently is the difficulty in defining particular structures or tracts, with the exception of the corpus callosum (Woodruff et al., 1995b) and also the lack of sensitivity of imaging methods. Voxel-based methods offer distinct advantages in this respect. Most report white-matter changes (Wright et al., 1995; Wolkin et al., 1998; Paillère-Martinot et al., 2001) . Sigmundsson et al. (Sigmundsson et al., 2001) showed left frontal and temporal white-matter deficits in his negative symptom group (Sanfilipo et al., 2000) . Newer imaging modalities such as diffusion tensor (Buchsbaum et al., 1998; Lim et al., 1999) and magnetization transfer imaging (Foong et al., 2000) have revealed white-matter pathology in schizophrenia.
Hallucinations
The other aim of the current study was to examine the possible structural neural correlates of hallucinations by contrasting hallucinators and non-hallucinators, separately, with controls and finally with each other. In general, the non-hallucinators showed less extensive abnormalities than the hallucinators, who were more similar to the schizophrenia group as a whole. In other words, the hallucinator sub-group appeared to contribute the bulk of the schizophrenia versus controls differences. One qualitative difference was the more right unilateral distribution of grey-matter deficits (and absence of excesses) in the nonhallucinator group. This cannot be accounted for by differences in handedness, which were controlled for in the analysis. The implication might be that hallucinations depend more on left-sided fronto-temporal structures. This was borne out in the more specific hallucinator versus non-hallucinator comparison, which revealed a single deficit cluster in the left insula cortex extending to the uncus and most medial part of the superior temporal gyrus. The size of the left insula cluster in individual subjects correlated significantly with clinical ratings of hallucinations. Such areas have been implicated in functional MRI of hallucinations (Woodruff et al., 1995a David et al., 1996; Dierks et al., 1999) .
The combination of grey-matter 'deficits' and white-matter 'excess' in the same temporal lobe somewhat more posteriorly may point to anatomical and, hence, functional dysconnectivity. Indeed, it has been proposed that excessive connections to aberrant grey matter as a result of a failure of pruning may lead to symptoms such as hallucinations due to 'cross-talk' between inner speech and auditory processing modules (Nasrallah, 1985; David, 1994a,b) which are presumed to reside in the left hemisphere . Further, the white-matter excess stretched to the claustrum, which has been identified as a cross-modal integration centre (Calvert et al., 1999) and abnormalities in this realm have also been postulated to underlie psychotic symptoms (Surguladze et al., 2001) . In non-hallucinators, grey-and white-matter changes aggregated in the right insula and temporal lobe. However, it should be conceded that no white-matter abnormalities emerged in the hallucinator versus non-hallucinator comparison, on either side, suggesting that such changes are rather subtle and occur to a variable extent across the patients, only standing out 'in relief' against healthy controls.
Insula and Schizophrenia
As noted above, the insula emerges as a commonly affected region in MRI studies of schizophrenia. Functionally, the anterior insula has been implicated in visceral perception, especially taste and the emotion of disgust (Phillips et al., 1997) and pain (Ploghaus et al., 1999) , while the left insula has a critical role in speech production (Dronkers, 1996) . The insula is a large triangular structure which extends from ∼y = +20 to -20 in the anterior-posterior plane and from ∼z = -4 to +16 in the inferior-superior plane from the Talairach and Tournoux atlas. It has a complex gross anatomy (Augustine, 1985 (Augustine, , 1996 Türe et al., 1999; Crespo-Facorro et al., 2000) and is covered by the frontal and parietal opercula superiorly and the temporal opercula inferiorly. It is divided by the central insula sulcus which runs diagonally downwards and forwards, into the larger anterior portion which itself comprises three short gyri, while the smaller posterior portion comprises mainly the anterior and posterior long gyri. The area of proportional volume deficit in the hallucinators seems to involve the inferior parts of the anterior and middle short gyri plus, perhaps, the anterior long gyrus, whereas those in the schizophrenia group as a whole extend more posteriorly.
The pattern of deficits in the schizophrenia group is very similar to that uncovered by Goldstein et al. (Goldstein et al., 1999) . These authors parcellated standardized images into 48 topographically defined brain regions. They showed greatest reductions in the middle frontal gyrus and so-called 'paralimbic' (anterior cingulate and paralimbic gyrus) brain regions and also in the supramarginal gyrus and insula. The insula forms a key central network in the paralimbic system (Mega et al., 1997) which has extensive reciprocal connections to inferior and orbital frontal regions, medial temporal (limbic) structures, especially amygdala, hippocampus, entorhinal cortex and superior temporal sulcus and pole, as well as parietal cortex and medially to the thalamus and basal nuclei (Augustine, 1985; . Mesulam (Mesulam, 1985) proposed that there were two paralimbic 'bands' or streams: a more anterior orbito-frontal division involving frontal lobes, insula, amygdala, anterior parahippocampus, temporal pole and infra-callosal cingulate, and a more posterior/medial division involving the posterior hippocampus, retrosplenium, precuneus and supra-callosal cingulate. The former, it is argued plays an important role in visceral inputs and drives, while the latter is more important for memory and attention. Clearly, the regions highlighted in this study overlap considerably with the paralimbic system as so described and abnormalities in visceral drives and cognition could be said to characterize schizophrenia.
Conclusions
We have demonstrated, in a group of schizophrenia patients, a number of regional grey-matter deficits which centre primarily on the medial temporal lobes, the insulae and the medial and orbito-frontal cortex. These are the same regions that emerge time and again in ROI morphometry, in narrative and systematic meta-analytic reviews of cortical abnormalities in schizophrenia, as well as in voxel-based approaches. Future studies, particularly using computational morphometry and newer imaging modalities, will probably add consistent white-matter deficits (as well as, perhaps, relative excesses) to this overall picture. Clearly, different studies emphasize one region over another and find differences in lateral distribution, but this appears to be the result of heterogeneity of course and symptom type. Future work based on sub-groups selected on the basis of the presence or absence of such features will likely prove to be worthwhile in the understanding of such heterogeneity. Using such an approach, we can report a specific left medial temporal/insula deficit in people with prominent auditory-verbal hallucinations.
